Previous studies have established that when a prey animal knows the identity of a particular predator, it can use this knowledge to make an 'educated guess' about similar novel predators. Such generalization of predator recognition may be particularly beneficial when prey are exposed to introduced and invasive species of predators or hybrids. Here, we examined generalization of predator recognition for woodfrog tadpoles exposed to novel trout predators. Tadpoles conditioned to recognize tiger trout, a hybrid derived from brown trout and brook trout, showed generalization of recognition of several unknown trout odours. Interestingly, the tadpoles showed stronger responses to odours of brown trout than brook trout. In a second experiment, we found that tadpoles trained to recognize brown trout showed stronger responses to tiger trout than those tadpoles trained to recognize brook trout. Given that tiger trout always have a brown trout mother and a brook trout father, these results suggest a strong maternal signature in trout odours. Tadpoles that were trained to recognize both brown trout and brook trout showed stronger response to novel tiger trout than those trained to recognize only brown trout or only brook trout. This is consistent with a peak shift in recognition, whereby cues that are intermediate between two known cues evoke stronger responses than either known cue. Given that our woodfrog tadpoles have no evolutionary or individual experience with trout, they have no way of knowing whether or not brook trout, brown trout or tiger trout are more dangerous. The differential intensity of responses that we observed to hybrid trout cues and each of the parental species indicates that there is a likely mismatch between risk and anti-predator response intensity. Future work needs to address the critical role of prey naivety on responses to invasive and introduced hybrid predators.
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Introduction
Predation is a pervasive selective force affecting many aspects of the lives of prey animals including their morphology, life history and behaviour [1, 2] . We know that prey exhibit sophisticated avoidance of locations and times when predators are active [3, 4] . A prerequisite for such responses is that prey animals recognize predators as threats, and consequently, there has been considerable effort to understand predator recognition dynamics [5, 6] . The variable nature of risk through both space and time, combined with the cost of genetic fixation of traits, means that learned predator recognition is paramount in most systems [7] [8] [9] .
After prey come to recognize a predator as a threat, they can use this learned information to generalize their responses to other prey [5, 10] . In essence, the prey use their knowledge to make 'educated guesses' about the likelihood that other similar looking or smelling animals will be also be a threat. In a pioneering paper, Griffin et al. [10] documented that tammar wallabies (Macropus eugenii) do not innately recognize stuffed feral cats (Felis catus) or red foxes (Vulpes vulpes) as dangerous. However, after being trained to recognize foxes, the wallabies showed anti-predator responses to both foxes and cats. The wallabies generalized their recognition of the foxes to the cats based on characteristics the cats and the foxes share in common. However, the generalization by the wallabies was not extended to a stuffed non-predatory juvenile goat (Capra hircus). Clearly, some characteristic(s), perhaps frontally placed eyes, are shared by foxes and cats, but not goats. Ferrari et al. [5] completed a similar generalization study using predator odours rather than predator models. In that case, fathead minnows (Pimephales promelas) that were trained to recognize lake trout (Salvelinus namaycush) odour as a threat, subsequently responded to lake trout odour, but they also generalized their recognition to congeneric brook trout (Salvelinus fontinalis) and confamilial rainbow trout (Oncorhynchus mykiss) but not distantly related predatory pike (Esox lucius) or non-predatory suckers (Catostomus commersoni).
The papers by Griffin et al. [10] and Ferrari et al.
[5] sparked a number of similar studies examining generalization of predator recognition in a variety of taxa [11 -16] . In cases of the generalization of odours, we typically see that the prey respond with a less intense response towards the animals to which they are generalizing, compared with the model that they have learned as dangerous. The animals to which the prey are generalizing are potential, but not certain, predators. Ferrari et al. [5, 17] argue that phylogenetic distance between the learned predator and the other novel animals is a good predictor of the degree of generalization. Closely related animals tend to share similar foraging strategies, therefore the closer the unknown animal is to the species that the prey has learned as dangerous, the greater the probability is that the unknown species is actually a predator. This has intuitive appeal as it fits well within the behavioural ecology context that prey exhibit graded anti-predator responses based on level of perceived threat [18] [19] [20] . However, it is somewhat paradoxical that the reduction in intensity of responses that occurs when animals generalize their predator recognition between species can result in a mismatch between the intensity of response that the prey exhibit and their true vulnerability. Indeed, the predator to which prey are generalizing may be more dangerous than the predator that the prey already recognizes.
Over the past several decades, we have seen increasing concerns over the impact of invasive and introduced species on native prey communities [21] [22] [23] [24] . Introduced species are often efficient predators because prey fail to recognize them as a threat. Indeed, prey naiveté is often invoked as a primary driver of the high impact of introduced predators [25, 26] . With the introduction of non-native predators, we also frequently see anthropogenic hybridization [27, 28] . Species that typically would not come into contact do so as a result of introduction programmes. One such example is the case of tiger trout, a hybrid from the unnatural sympatry of the North American brook trout and European brown trout (Salmo trutta). While the natural presence of tiger trout seems to be low in the wild, the hatchery-based hybridization between female brown and male brook trout is one of the few crosses which does not result in overwhelming mortalities [29 -31] . Tiger trout have a fast growth rate but the hybrids are sterile [32] . Not surprisingly, tiger trout have been widely stocked for sport fishing in North America.
There are no published reports of responses of prey animals to introduced tiger trout. Our work here begins to address this issue, specifically examining recognition and generalization of hybrid trout odours by larval woodfrogs (Lithobates slyvaticus). We chose woodfrog tadpoles as a model ranid frog species to test for recognition and generalization because there is considerable evidence that several species of ranid frogs suffer considerable mortality as a result of introduced predators, including trout [33] [34] [35] [36] . Woodfrogs are ideal for this work, as they have the ability to learn and generalize recognition of predators [14, 17] . In our first experiment, we trained woodfrog tadpoles to recognize the odour of hybrid tiger trout and then ask how the prey responded to tiger trout as well as each of the parent species (brook trout and brown trout). We also assessed generalization of recognition to other salmonid fishes (rainbow trout) and distantly related goldfish (Carassius auratus). In our second experiment, we trained tadpoles to recognize either brown trout, brook trout or both parental species and then ask how the tadpoles generalize their response to the tiger trout or a goldfish control. These two experiments should help us understand how parental species mediate risk from hybrid species and vice versa.
Material and methods (a) Tadpole collection and maintenance and preparation of fish odours
We used dipnets to capture wild tadpoles from a pond in Strathcona County in south-central Alberta, Canada. The pond contains no fish predators but has numerous species of invertebrate predators. Our previous work has established that tadpoles from this pond do not respond to fish odours with an anti-predator response [4, 14] . After capture, the tadpoles were held outdoors in large pools in a shaded aspen forest for 2 days before the experiments began. Tadpoles fed on algae present in the pool and their diet was supplemented with alfalfa pellets and fish food (Tetramin flakes). The water used to house the tadpoles and used in the subsequent experiments was well water that had been aged outdoors in a 1900 l pool for three weeks prior to the experiment. The well water pool was seeded with plankton and aquatic plants ensuring that the water contained many natural odours but no predator odours. We prepared fish odours by placing individual fish in 15 l of water for 24 h. We used a minimum of four different fish of each species (tiger trout, brook trout, brown trout, rainbow trout and goldfish) to prepare each odour. The fish were size-matched (total length approx. 15 cm) to ensure consistency in concentration between species.
(b) Experiment 1
The goal of this experiment was to train tadpoles to recognize the odour of a hybrid tiger trout and test their behavioural response to tiger trout odour as well as their ability to generalize their recognition to both parent species (brown trout and brook trout), to closely related rainbow trout and to a distantly related fish (goldfish). Tadpoles were removed from the holding pool and placed individually in 500 ml round plastic containers completely filled with well water. After a 2 h acclimation period, the tadpoles were exposed to either 5 ml of tiger trout odour paired with 5 ml of alarm cue solution (conditioned group) or to 5 ml of tiger trout odour paired with 5 ml of well water (control group). Alarm cues were prepared following the methodology of Chivers & Ferrari [37] . This consisted of crushing a tadpole in a mortar and pestle and then adding 10 ml of pond water. The solution was filtered through cotton gauze prior to being used. Given that we added 5 ml of alarm cue solution to each cup during the conditioning, we added the equivalent of half a crushed tadpole to each container. We did not want the tadpoles in the control group to associate exposure to predator odour with disturbance associated with rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150365 moving them. Consequently, we waited 1 h after the conditioning and then moved tadpoles to a series of 20 l containers, where they were matched for treatment and housed in groups of 20. The following day, the tadpoles were placed individually in 0.5 l cups. After a 2 h acclimation period, they were tested for their response to 5 ml of tiger trout, brook trout, brown trout, rainbow trout or goldfish odour. We conducted between 12 -16 replicates in the control treatments (tadpoles exposed to tiger trout odour paired with distilled water) and 27 -30 replicates in the experimental treatments (tadpoles conditioned with tiger trout odour paired with alarm cues). We had fewer control tadpoles because we have conducted hundreds of control trials using tadpoles from this pond and are reasonably confident that the tadpoles will fail to respond to fish cues unless they are trained. Animal care concerns associated with the excessive use of animals dictates that we not needlessly replicate control treatments. Tadpoles were only used once and we tested a total of 215 tadpoles. The experimenter was blind to the treatments.
We used a well-established testing protocol to quantify the responses of tadpoles to predator odours [6, 38] . We observed the behaviour of each tadpole for 4 min prior to injection of the stimulus and 4 min after injection. The stimulus was injected slowly on the side of the cup using a syringe. During both observation periods, we recorded the number of times the tadpole passed the medial line of the cup. A reduction in activity is a typical anti-predator response displayed by most animals and is a standard bioassay for tadpole anti-predator responses [4, 39] .
(c) Experiment 2
The goal of this experiment was to train tadpoles to recognize the odour of brown trout, brook trout or both brown and brook trout and subsequently test their behavioural response to tiger trout odour or the odour of a distantly related fish (goldfish).
Our conditioning protocol was identical to that used in experiment 1 except that we conditioned tadpoles in groups of 20 in 3 l pails (filled with 2 l of water) rather than individually. Moreover, we conditioned the tadpoles twice rather than once, to control for the double-conditioning necessary for tadpoles to recognize both brown and brook trout odours. We had three experimental groups: tadpoles conditioned twice to recognize brown trout as a predator, tadpoles conditioned twice to recognize brook trout as a predator, or tadpoles conditioned once to recognize brook trout and once to recognize brown trout as predators. For this group, half the tadpoles were taught brook trout first, while the other half were taught brown trout first. The water was changed 1 h after the first conditioning, and the second conditioning took place 3 h later. We injected 10 ml of injured tadpole cues paired with 20 ml of trout odour in each of the pails.
The testing procedure was identical to that used in experiment 1. We tested 163 tadpoles for a response to 5 ml of tiger trout odour or 5 ml of goldfish odour (n ¼ 25 -31 treatment
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). Each tadpole was only tested once, and the observer was blind to the treatments.
(d) Statistical analysis
Experiment 1: We computed a proportion change in activity from the pre-stimulus baseline ([ post 2 pre]/pre) which was used as our response variable in the subsequent analysis. We conducted a two-way ANOVA, testing for the effect of training (naive versus experienced) and cue (tiger trout, brown trout, brook trout, rainbow trout and goldfish) on the response of tadpoles. Tukey post hoc tests were used to compare among groups.
Experiment 2: The statistical analysis was split to address two aspects of the design. First, we performed a three-way nested ANOVA on the proportion change in activity of the tadpoles to test for the effect of conditioning (brown, brook or both) and test cue (tiger versus goldfish). However, tadpoles conditioned in the same pail were not statistically independent, and hence, we introduced pail as a nested factor in our analysis, and also tested for any cue Â pail interaction (Type I SS). Second, we tested whether the order of conditioning for the brown/brook group would affect the response of tadpoles to the cues. Using the tadpoles from the brook/brown group only, we performed a three-way nested ANOVA, testing for the effect of order (brown first versus brook first) and cue on the responses of tadpoles. Similar to the previous analysis, we introduced pail (and pail Â cue) as a random factor in the analysis to ensure pail, not tadpole, was our unit of replication.
Preliminary analyses performed on pre-stimulus data (using the models described above) indicated no existing behavioural differences among tadpoles from different experimental groups prior to the injection of cues (all p . 0.2 for experimental 1, and p . 0.1 for experimental 2). All statistics were performed using SPSS v. 21.
Results
For experiment 1, the two-way ANOVA on the proportion change in activity revealed a significant interaction between experience and cue on the behavioural response of tadpoles (F 4,205 ¼ 9.6, p , 0.001). Tadpoles in the control treatment that underwent the false training did not differ in their response to any of the five cues (F 4,65 ¼ 0.4, p ¼ 0.8). However, when tadpoles were trained to recognize a tiger trout, they differed in their response to the cues (F 4,140 ¼ 24.2, p , 0.001). The results of Tukey post hoc comparisons are presented in figure 1 . In short, tadpoles generalized their anti-predator response from the tiger trout to all trout species, but not goldfish. Within the trout responses, tadpoles tended to show a stronger response to brown trout than tiger trout but a weaker response to brook trout than to tiger trout. This meant that while the tiger trout did not differ from either brook or brown trout, there was a significantly lower response to brook trout than to brown trout.
For experiment 2, we found a significant interaction between conditioning and cue on the responses of tadpoles ( 
. Tukey post hoc tests revealed that all groups differed from one another (all p , 0.031), with tadpoles conditioned to brook trout displaying the weakest response to the tiger trout, and those conditioned to both brook and brown trout displaying the strongest response to tiger trout. Tadpoles conditioned to recognize both trout species responded stronger to tiger trout than goldfish (F 1,2.2 ¼ 270, p ¼ 0.003), but the responses were not affected by the order of conditioning (F 1,4.2 ¼ 4.6, p ¼ 0.1) and we failed to find an interaction between those two factors (F 1,2.5 ¼ 0.2, p ¼ 0.7). Again, there was no effect of pail on the responses of tadpoles (F 6,3.2 ¼ 0.9, p ¼ 0.5), nor any pail Â cue interaction (F 6,36 ¼ 0.2, p ¼ 0.9).
Discussion
The results of our study demonstrate that woodfrog tadpoles can learn trout odours and use this information to generalize their recognition to other trout odours. The intensity of the behavioural responses that the tadpoles exhibit towards each of the predator odours indicates that odours may have a strong maternal signature. Generalized responses to hybrid predators may lead to a mismatch between risk and anti-predator responses.
In the first experiment, we observed that tadpoles which were conditioned to recognize the odour of tiger trout, generalized their response to the other trout, but not to distantly related goldfish. This matches that pattern of response we would expect based on the well-established generalization framework [5, 12] . However, the intensity of the responses that we observed was somewhat unexpected if both parents contributed equally to the odour of their offspring. Woodfrogs have no evolutionary history with salmonid fishes and our tadpoles had never experienced fish odours prior to the experiment. This means that after the tadpoles learned the tiger trout was a predator, they should have generalized their recognition to other odours based on the similarity between the new odour and the tiger trout odour that they already recognized. Accordingly, we should have seen the strongest response to the hybrid tiger trout and less of a response to either parent species. Mechanistically, it is easy to imagine that generalization could result from the hybrid sharing, with the parent, a similar suite of chemicals that contributes to its odour. Differentiating the hybrid and the parent species indicates that not all of the chemicals in the odour are the same or that there are slight differences in the concentration of specific chemical(s). As predicted, in our experiment, we observed that tadpoles tended to show a weaker response to brook trout than to tiger trout. However, the tadpoles tended to show a stronger response to brown trout than to tiger trout. This indicates that the specific chemicals which constitute the predator odours are in greater quantity in brown trout. Given that tiger trout always have a brown trout mother and that females contribute mitochondrial DNA, perhaps the specific suite of chemicals that is recognized as 'brown trout' have a mitochondrial origin. Alternatively, the brown trout may contribute a higher proportion of dominant alleles which would explain why the tiger trout odour would be more similar to brown trout.
In our second experiment, when the tadpoles were trained to recognize a brown trout, we found that they responded to the tiger trout with a higher intensity response than those that were trained to recognize brook trout. This again indicates that tadpoles are responding more strongly to odours of maternal origin. What was most revealing is that when the tadpoles were taught that both brown and brook trout were predators, they responded more to tiger trout than if they were trained to recognize only brown trout or only brook trout. In all cases, the tadpoles went through two training sessions. The stronger response to tiger trout when both parental species are recognized as predators could simply reflect the high-risk value of the chemical make-up of tiger trout. Indeed, this 'novel' species has an odour matching two learned predators. By contrast, in the other group, the match between the learned predator (brown or brook only) and the 'novel' predator is only partial. An alternative explanation could be that the higher intensity response represents a peak shift in generalization. When animals are trained to respond to two similar stimuli and then exposed to an intermediate stimulus to which they are not trained, the animals often show the greatest intensity response to the intermediate stimulus [40] . Lynn et al. [41] argue that such a peak shift in the context of discrimination may be the outcome of the kind of decision processes that underlie signal detection theory. However, our data does not allow us to tease the two options apart, because we do not have a side-by-side comparison of the response to the known (brook or brown) and the hybrid predator. Thus, we cannot tell whether the response to the tiger trout is stronger or weaker than that to the maternal species. However, from a conservation point of view, one clear result is that prey species knowing both brook and brown trout will respond to the hybrid with a much stronger intensity of anti-predator Figure 2 . Mean (+s.e.) proportion change in line crosses for woodfrog tadpoles in response to tiger trout odour (black bars) or goldfish odour (white bars). Tadpoles were previously conditioned twice with tadpole alarm cues to recognize brown trout (2 Â (TP þ BnT)), twice to recognize brook trout (2 Â (TP þ BkT)) or once to recognize brown trout and once to recognize brook trout ((TP þ BnT) þ (TP þ BkT)).
rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150365 response than those prey only familiar with one of the species. While naturally occurring tiger trout will be found in water bodies containing both brook and brown trout, recreational stocking of tiger trout implies that only one or none of the parental species may be present in the water bodies in which they are released. Our present work suggest that native prey might fare better with tiger trout if they are already familiar with one of the parental species, and might fare the best in water bodies where both parental species are present.
Previous work has established that when prey generalize their recognition of a known predator to an unknown animal, they show a lower intensity response to the odour to which they are generalizing than to the odour that the prey already recognizes. In one sense, this meshes well within the context of graded anti-predator responses based on level of threat [18 -20] . However, the prey has no real information about the relative risk of the unknown predator and hence may pay a survival cost by under-responding. This would dictate that the prey should respond equally strong to the known odour and the odour to which they are generalizing. Only after gaining additional pieces of information should the prey adjust the intensity of their response to match the real risk posed by the predator [42] . In our first experiment, the response of the tadpoles to the hybrid was intermediate between the responses to each of the parent species. The prey showed a significantly lower response to brook trout than to brown trout. Given that the tadpoles have no evolutionary or individual experience with trout, they have no way of knowing whether or not brook trout or brown trout are more dangerous, hence responding differentially may be problematic. In experiment 2, the prey responded stronger to hybrid tiger trout when they knew both brown trout and brook trout compared to when they knew only one of the two predators. No studies, to our knowledge have been conducted comparing the vulnerability of tadpoles to our suite of predators but clearly differential responses of the prey to different predators in the absence of information means that some cues are over or underestimated compared with actual vulnerability. If peak shifts are common in recognition of similar predators, then we would predict that prey will always respond strongest to hybrid predators. Taken together, our results indicate that generalizing hybrid predators could lead to a mismatch between response intensity and risk. Future work should address how much individual experience is needed for prey to overcome this mismatch. 
